Introduction
In recent years, there has been increasing demand to reduce the volume of slag produced in the steelmaking process for environmental reasons. Hot metal pretreatment processes have been developed for this purpose, and JFE Steel Corporation has succeeded in developing a new steelmaking process, called the zero slag process, in which the volume of slag formed during the steelmaking operation is greatly reduced. 1) In such a minimal slag operation, the behavior of the top blown oxygen jet becomes an important factor for controlling the reaction or post-combustion of BOF operation.
In BOF operation, a Laval nozzle is used for supersonic oxygen top blowing because a high dynamic pressure at the fire spot is needed to obtain high reaction efficiency. The nozzle shape is designed for the operational conditions based on a theoretical analysis of the oxygen flow behavior in the nozzle. Various investigations of the behavior of a supersonic jet after emerging from the nozzle have been carried out. [2] [3] [4] In recent studies, it has been possible to simulate supersonic jets numerically with comparative ease as a result of the rapid development of numerical simulation technology. 5, 6) However, the ambient temperature of the oxygen jet in the BOF is normally more than 1 500 K, and the jet behavior under such high temperatures is still not fully understood.
In this study, supersonic oxygen jet behavior in a hightemperature field was investigated by measuring the velocity and temperature of the oxygen jet in a heated furnace, and the results were examined using a jet model proposed by previous researchers. 7, 8) In addition, the supersonic jet behavior for SCOPE-JET nozzle, 9) which can be applied in EAF operation to obtain high-energy efficiency, was investigated. SCOPE-JET has a long potential core and attenuation of the jet in the axial direction is extremely restrained. These effects are induced by a high-temperature flame surrounding the potential core of the jet, and are discussed with the jet model stated above.
Experiment

Experimental Apparatus
The combustion furnace shown in Fig. 1 was used to simulate the high-temperature field. The temperature in the furnace was raised by the two burners inserted from the furnace top and controlled by eight thermocouples. The lance for the experiment was a water-cooled type, which was equipped with a one-hole normal Laval nozzle and inserted into the furnace in a horizontal position. As the measurement devices were fixed at the measuring points in advance, experimental conditions were changed by moving the lance horizontally. To avoid the influence of a flame generated by burners, the burners were extinguished before measure- In the steelmaking process, the behavior of the top blown oxygen jet is an important factor for controlling BOF or EAF operation. Because the temperature in the BOF is very high, jet behavior is still not fully understood. In this study, supersonic oxygen jet behavior in a high-temperature field was investigated by measuring the velocity and temperature of the oxygen jet in a heated furnace, and the results were compared with a jet model proposed by previous researchers. The results showed that velocity attenuation of the jet was restrained and the potential core length was extended in a high-temperature field. Under these experimental conditions, the results were in good agreement with the jet model using Prϭ0.715 and Scϭ0.708 proposed by Kleinstein. Supersonic jet behavior for SCOPE-JET nozzle, which can be applied in EAF operation to obtain high-energy efficiency, was also investigated. SCOPE-JET had a long potential core and attenuation of the jet in the axial direction was extremely restrained. It was shown to be possible to obtain the jet behavior of SCOPE-JET nozzle using the jet model with the adiabatic flame temperature as the ambient temperature and appropriate temperature attenuation behavior in the axial direction.
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ments were carried out.
The experimental conditions are shown in Table 1 . The Laval nozzle was designed for the experimental conditions. The temperature in the furnace was set using the values of the instrument readings of the eight thermocouples. Oxygen at room temperature was then supplied to the lance and injected into the furnace. The Mach number at the nozzle exit, M o , is expressed as follows (1) where P i is the pressure at the nozzle entrance, P e is the pressure at the nozzle exit and g is the ratio of heat capacity. Under the present experimental conditions, the jet was supersonic and M o ϭ1.72 was obtained at the nozzle exit.
Concerning the ambient temperature, it was difficult to obtain a homogeneous temperature distribution in the furnace. Therefore, the average temperature at which the jet was fully attenuated in the radial direction was adopted as the ambient temperature for the purpose of this examination.
Measurement Method
In this experiment, the dynamic pressure of the jet was measured using a pitot tube. The temperature and gas concentration of the jet were also measured. The gas density was calculated from these measured values, and the velocity, temperature, and oxygen concentration distributions were obtained. On the other hand, the experiment with SCOPE-JET nozzle 9) was carried out at room temperature without furnace and the velocity, temperature and concentration fields were measured in the same manner. A schematic view of SCOPE-JET nozzle is shown in Fig. 2. 9)
The supersonic jet that emerges from the SCOPE-JET nozzle is surrounded by a high-temperature flame generated by LPG supplied into the nozzle. Experimental conditions for the SCOPE-JET nozzle experiment are shown in Table 2 . Nozzle exit diameter for correct expansion of this blowing condition is 15.7 mm; however, d e ϭ20.6 mm is needed to obtain an optimal flame for SCOPE-JET nozzle. In this case, the flame length of SCOPE-JET was about 630 mm, that is to say, x/d e ϭ30.6. x is the lance height.
Ambient gas concentration of the experiments is shown in Table 3 . Because the experiment with the normal nozzle was carried out in the combustion furnace that was an airtight container, ambient oxygen concentration in the furnace was relatively high compared with atmospheric oxygen concentration and the effect of post-combustion was small in this experiment. 
Experimental Results
Velocity Distribution
Measured dynamic pressure distribution on the center axis is shown in Fig. 3 . Ambient temperature affected the dynamic pressure distribution and SCOPE-JET had a higher dynamic pressure. The velocity distribution on the center axis is shown in Fig. 4 . The oxygen jet exited from the nozzle at U o ϭ451 m/s according to a theoretical calculation and diffused very quickly. The calculated values obtained with an empirical equation at room temperature proposed by Imai et al. 2) are also shown in Fig. 4 and the experimental results at 285 K are in good agreement with these calculated values. However, a jet with a high ambient temperature shows a different behavior, in that attenuation of the jet is restrained as the ambient temperature increases. The results obtained with SCOPE-JET nozzle are also shown in Fig. 4 . The attenuation is extremely restrained.
The oxygen jet also diffuses in the radial direction. Half values of the velocity width in the radial direction are compared in Fig. 5 . The spreading angle of half value of velocity width was less affected by the ambient temperature, and 6°was obtained under these experimental conditions. This is in close agreement with previous results 11) which were obtained by experiments using various sorts of jet with different gas density.
Temperature and Concentration Distribution
The temperature distribution on the center axis is shown in Fig. 6 . The temperature on the center axis with the normal nozzle increased with diffusion of the jet and tended to converge on the ambient temperature, as described hereafter in detail. In the case of SCOPE-JET nozzle, the temperature increased rapidly from the flame end position, x/d e ϭ30.6, and decreased toward the atmospheric condition.
The oxygen concentration distribution on the center axis is shown in Fig. 7 . The oxygen concentration on the center axis decreased with diffusion of the jet and approached the ambient values. In the case of SCOPE-JET nozzle, the oxygen concentration decreased rapidly from the flame end po- sition, x/d e ϭ30.6, because the ambient oxygen concentration, which was the atmospheric condition, was lower than that of normal nozzle condition in this experiment.
Discussion
Modeling of Jet Behavior under the High-temperature Field
The results obtained by the experiment with the normal nozzle described above were examined using the jet model proposed by Ito and Muchi. 7) A general solution for a velocity field is expressed by Eq. (2). In this model, the empirical formula of x u , Eq. (3), is required for calculating the velocity field and was obtained with aϭ0.0841 and bϭ0.6035 from Where T i is the temperature at the nozzle entrance, T o is the temperature at the nozzle exit and R is the gas constant.
The temperature field can then be calculated from Eqs. (6) and (7) using enthalpy, HϭC p TϩU 2 /2, with Prandtl number, Pr, where C p is the heat capacity and U is the velocity. The concentration field of oxygen is calculated from Eqs. (8) and (9) (9) Where H is the enthalpy, H e is the ambient enthalpy, H o is the enthalpy at the nozzle exit, C is the oxygen concentration, C e is the ambient oxygen concentration and C o is the oxygen concentration at the nozzle exit.
The attenuation behavior of the velocity field is shown as a function of (r e /r o ) Fig. 9 . Model calculation results are also shown in the same figure. There is a high correlation between the measured and calculated data.
The attenuation behavior of the temperature and concentration fields is shown as a function of (r e /r o ) Figs. 10 and 11 respectively. Model calculation results are also shown in the same figures. Pr and Sc are needed for the model calculation and Kleinstein obtained Prϭ0.715 and Scϭ0.708 from experimental data when the Mach number at the nozzle exit was relatively small at less than 1.5. 8) In the present case, the Mach number is 1.72, which is greater than 1.5; however, these values for Pr and Sc were adopted here. There is a high correlation between the measured and calculated data with Pr and Sc obtained by Kleinstein, and the calculated results are validated with a jet at M o ϭ1.72 when appropriate values obtained by Kleinstein are used for Pr and Sc. This means that this jet model can be used to predict jet behavior accurately in a high-temperature field.
Jet Behavior of SCOPE-JET Nozzle
This jet model was applied for the jet behavior of SCOPE-JET nozzle. In this study, we considered that the high-temperature flame surrounding the jet restrained the jet attenuation and the combustion temperature could be applied as the ambient temperature in the jet model stated above. We assumed that the temperature of the flame of SCOPE-JET was an adiabatic flame temperature of oxygen-LPG combustion. Therefore, the ambient temperature from the nozzle exit to the flame end position, x/d e ϭ30.6, was assumed to be 3 077 K. After the flame end position, the ambient temperature distribution was calculated with the jet model from experimental results of temperature distribution shown in Fig. 6 by the parameter fitting method. In this calculation, Prϭ1 was assumed for simplification and flame length corresponded with potential core length. And it was assumed that the ambient gas was CO 2 . The acquired ambient temperature distribution is shown in Fig. 12 . The velocity and concentration distribution of SCOPE-JET were calculated with the jet model using Scϭ1 and the calculated ambient temperature distribution in Fig. 12 . The calculated results are shown in Fig. 13 with the experimental results. In this calculation, the calculated results of U m , H m and C m have the same distribution because Pr and Sc are unity. There is a high correlation between the measured and calculated data and hence the jet behavior of SCOPE-JET nozzle can be explained using the jet model with the adiabatic flame temperature as the ambient temperature and appropriate temperature attenuation behavior in the axial direction. In this calculation, PrϭScϭ1 is used; however, further consideration is needed for actual Pr and Sc of SCOPE-JET.
Potential Core Length of Jet
Potential core length, L c , is an important parameter when discussing the property of jet attenuation and can be calculated as x in Eq. (3) with x u ϭ0. The potential core length ratio, L c /L cn , is calculated by the jet model and shown in Fig. 14 , where L cn is the potential core length at room temperature. The potential core length ratio is unity at room temperature and expands as the ambient temperature increases. In actual BOF or EAF operation, the temperature in the furnace exceeds 1 773 K, so the jet behavior was calculated with this jet model using 1 773 K as the ambient temperature. The potential core length at 1 773 K was calculated as being 2.4 times as long as that at room temperature as shown in Fig. 14. In the case of SCOPE-JET nozzle experiment, ambient temperature is room temperature; however, the potential core length was found to be 3.5 times as long as that at room temperature. It is considered that the high-temperature flame surrounding the jet caused this effect. There is a high correlation between the measured data of SCOPE-JET nozzle and the calculated line, when the ambient temperature is assumed to be 3 077 K as an adiabatic flame temperature of oxygen-LPG combustion as shown in Fig. 14. The result by other researchers, 6) which is obtained by modeling with the numerical simulation method, is also shown in Fig. 14 . The very good agreement of these results with those of the model calculation proves the validity of the model.
Conclusions
Supersonic oxygen jet behavior in a high-temperature field was investigated by measuring the velocity, temperature and concentration of the oxygen jet in a heated furnace. The results showed that velocity attenuation of the jet was restrained and the potential core length was extended under high-temperature conditions. These results were compared with a jet model proposed by previous researchers and the experimental results were in good agreement with the jet model calculation results using Prϭ0.715 and Scϭ0.708 proposed by Kleinstein in spite of MϾ1. 5 .
In addition, the supersonic jet behavior for SCOPE-JET nozzle was investigated. It was clarified that SCOPE-JET had a long potential core and attenuation of the jet in the axial direction was extremely restrained. It was also shown that the jet behavior of SCOPE-JET nozzle could be explained by the model calculation using the jet model with the adiabatic flame temperature as the ambient temperature in the flame and appropriate temperature attenuation behavior in the axial direction. 
